The study of dendritic development in CNS neurons has been hampered by a lack of complex dendritic structures that can be studied in a tractable genetic system. In an effort to develop such a system, we recently characterized the highly complex dendrites of the vertical system (VS) neurons in the Drosophila visual system. Using VS neurons as a model system, we show here using loss-of-function mutations that endogenous Cdc42, a member of Rho family of small GTPases, is required for multiple aspects of dendritic morphogenesis. Cdc42-mutant VS neurons display normal complexity but increased dendritic length compared with wild type and have defects in dendrite caliber and stereotyped dendritic branch positions. Remarkably, Cdc42 mutant neurons also show a 50% reduction in dendritic spine density. These results demonstrate that Cdc42 is a regulator for multiple aspects of dendritic development.
Introduction
The complex and characteristic structures of dendrites are a crucial part of the neuronal architecture that underlies brain function; as such, their development has been a focal point of recent research (for review, see McAllister, 2000; Cline, 2001; Jan and Jan, 2001; Scott and Luo, 2001) . It is generally believed that dendritic morphogenesis requires an intrinsic differentiation program that is further instructed by extracellular cues and electrical activity. Eventually, these different forces converge to control cytoskeletal dynamics that specify dendritic growth, branching, and the formation of dendritic spines (Scott and Luo, 2001) .
The Rho family of small GTPases, notably RhoA, Rac, and Cdc42, are key regulators of the actin cytoskeleton in response to extracellular cues (Etienne-Manneville and Hall, 2002) . In the context of neuronal development, an increasing number of key extracellular cues known to regulate neuronal morphogenesis have been linked to the regulation of Rho GTPases, as have neurotransmitter receptors that mediate activity-dependent dendritic morphogenesis. Well characterized signaling pathways from Rho to actin identified in non-neuronal cells have also started to be characterized in neurons (for review, see Luo, 2002) . Not surprisingly, perturbation of activities of Rho GTPases themselves by expression of dominant-negative or constitutively active versions of different Rho GTPases often leads to dramatic effects in neuronal morphogenesis (for review, see Luo, 2000; Redmond and Ghosh, 2001) . A general consensus has emerged from these studies: Rac and Cdc42 have generally been thought to promote process growth and attractive guidance, whereas RhoA activation leads to retraction or repulsive guidance (Jalink et al., 1994; Luo et al., 1994; Kozma et al., 1997; Threadgill et al., 1997; Ruchhoeft et al., 1999; Li et al., 2000; Nakayama et al., 2000; Wong et al., 2000) . However, notable exceptions have made these interpretations far from conclusive (Jin and Strittmatter, 1997; Bashaw et al., 2001) .
Studies involving dominant mutant expression, although informative, have a number of caveats. Dominant-negative Rho GTPase mutants are believed to act by titrating guanine nucleotide exchange factors (Ridley et al., 1992) . If two Rho GTPases share a common exchange factor (most exchange factors have activities toward several Rho GTPases, at least in vitro), then expressing a dominant-negative mutant of one GTPase (e.g., Rac) could interfere with the function of another GTPase (e.g., Cdc42). Likewise, because some Rho GTPases share downstream effectors, overexpressing constitutively active form of one GTPase could also cross-activate other GTPases. For instance, certain roles assigned to Rac from dominant-negative mutant studies have not been reproduced using null mutations (HakedaSuzuki et al., 2002) , suggesting that cross-inhibition-activation of other Rho family GTPases might be a cause for the effects seen in dominant mutant-expressing cells. In addition, the expression of dominant mutants bypasses normal regulation of these GTPases. In summary, dominant mutant studies have limitations in defining roles of individual GTPases and fine aspects of their regulation.
We therefore sought to evaluate the function of endogenous Rho GTPases in dendritic morphogenesis using loss-of-function mutants. Because of the ubiquitous function of Rho GTPases in development, we developed a genetic mosaic method by which we could generate a very small population of uniquely labeled homozygous mutant neurons in an otherwise heterozygous and unlabeled brain . Using this method termed MARCM (for mosaic analysis with a repressible cell marker) and focusing on Drosophila mushroom body (MB) neurons, we found that RhoA mutants extend their dendrites beyond wild-type confines (Lee et al., 2000) , whereas triple mutants for three Rac genes exhibit a ϳ50% reduction in total dendritic length and branching number . Here we describe our study of the function of Cdc42 in dendritic morphogenesis using lossof-function mutants and compare our finding with previous studies of Rac and Rho in Drosophila and mammalian neurons.
Materials and Methods
Drosophila were grown on standard media at 25°C. During clonal analysis, larvae hatched over a 2 hr interval were moved to vials containing 10 ml of food and kept at a concentration of 80 per vial. Mitotic recombination was induced via heat shock (40 min in a 37°C water bath, 30 min at room temperature, and 40 min in 37°C water bath) at 2 and 3 d after hatching. Adult female flies between 2 and 5 d after eclosion were dissected, fixed, and stained as described previously .
A Bio-Rad (Hercules, CA) MRC 1024 laser scanning confocal microscope and the Laser Sharp image collection program were used. Images were prepared using Adobe Photoshop (Adobe Systems, San Jose, CA). Three-dimensional traces of the dendrites were produced from confocal stacks using MicroBrightField (Colchester, VT) Neurolucida software (Scott et al., 2002) . Briefly, dendritic branches were traced such that turning points, branch points, and endpoints were specified in X, Y, and Z positions within the confocal stack. MicroBrightField NeuroExplorer software was then used to give quantitative measures. Branching complexity was measured as the total number of branch points in the dendritic tree, and total length for these traces was defined as the combined length of all of the branch segments. In quantifying spines, we included terminal segments from 1 to 3 m long, because these were the structures with the most dense postsynaptic terminals as described previously using electron microscopy (EM) (Hausen et al., 1980) . Our efforts to develop a postsynaptic marker as a means of quantifying spines were unsuccessful; thus we used staining from membrane-localized CD8-green fluorescent protein (GFP) to identify these spines. Structures longer than 3 m were treated as dendritic branches.
Results
Loss-of-function Cdc42 mutants (Fehon et al., 1997 ) exhibit a number of developmental abnormalities, including subtle defects of longitudinal commissures in the Drosophila embryonic nervous system (Genova et al., 2000) . Their effects on dendritic development have not been described. Our preliminary MARCM analysis suggests that Cdc42 mutants have no detectable effects on dendritic morphogenesis of MB neurons (our unpublished data), possibly because dendrites from individual MB neurons are simple and variable. We therefore sought to test Cdc42 function in dendritic morphogenesis using a more complex and stereotyped dendritic tree. We recently characterized lobula plate giant neurons that possess complex and stereotyped dendritic trees (Scott et al., 2002) . Here we first describe and further characterize one of these neurons, vertical system neuron 1 (VS1), and then use this model neuron to investigate the function of Cdc42 using lossof-function mutants.
The dendritic tree of the VS1 neuron There are six vertical system cells in each Drosophila lobula plate that bear a close structural resemblance to the well characterized VS neurons in blowflies and house flies (Pierantoni, 1976; Strausfeld, 1976; Eckert and Bishop, 1978; Hausen et al., 1980; Hengstenberg et al., 1982) . Each cell has a complex elaboration of dendrites in the lobula plate with axons that travel medially and terminate near the esophagus (Fig. 1 A) .
Because different neurons of the vertical system have different characteristic structures and levels of complexity (Scott et al., 2002) , it was necessary to select a single type of VS neuron for quantitative analyses. We restricted our quantitative analyses to the VS1 neuron because it is unambiguously recognizable, highly stereotyped, and has the most complex dendrites of any VS neuron ( Fig. 1 A, B) (Scott et al., 2002) . The VS1 dendrite is characterized by a main dendritic shaft that produces one or a few dorsally projecting branches before sweeping ventrally. As the main shaft extends ventrally, it continues to produce smaller branches that combine to form a narrow band covering the lateral part of the lobula plate ( Fig. 1 B) . All findings for VS1 neurons described below, at least at the qualitative level, also apply to other classes of VS neurons (data not shown).
To define quantitatively some aspects of the structure of the dendrites, we first obtained three-dimensional confocal images of VS1 dendritic trees and then traced the dendrites to produce three-dimensional computer diagrams of the dendrites. From these tracings, we measured dendritic branching complexity on the basis of the total number of branch points found in the den- 
drites of single VS1 cells. We also used the tracings to determine the combined length of all of the dendritic branches for each cell (Table 1) .
Dendritic spines of the VS1 neuron
Of special interest in these VS neurons is the presence of structures that resemble dendritic spines found in many vertebrate neurons (Fig. 1C, arrows) . In vertebrates, dendritic spines represent the locations of excitatory synapses (for review, see Bonhoeffer and Yuste, 2002) . Similarly, in the blowfly Calliphora erythrocephala and the housefly Musca domestica, studies using EM of these analogous VS neurons have shown that these spine-like structures are enriched for postsynaptic structures (Pierantoni, 1976; Hausen et al., 1980) . The fact that EM studies in two different species of Dipteran insect have shown postsynaptic densities in the spine-like structures, along with the similarity of these structures among Dipteran insects as observed by light microscopy (Strausfeld, 1976; Eckert and Bishop, 1978; Hengstenberg et al., 1982) ( Fig. 1 D) , suggests that all of these insects probably use these spine-like structures as postsynaptic terminals. Another characteristic feature of vertebrate dendritic spines is that they are actin-based structures, whose changes in morphology may be important for synaptic plasticity (Bonhoeffer and Yuste, 2002) . We were interested in determining whether these vertical system spines are similar to their vertebrate counterparts in cytoskeletal structure. To this end, we expressed an actin-GFP fusion protein (Verkhusha et al., 1999) in single VS1 cells using the MARCM system . We found that this actin-GFP is present robustly in the VS1 spines (Fig. 1 D) , indicating that actin is likely the important cytoskeletal element of these structures.
Together with the EM studies from larger insects summarized above, we propose that these spine-like structures in insect VS cells are similar to vertebrate dendritic spines and will refer to them as spines hereafter for simplicity. Future morphological and physiological studies are needed to determine how analogous these spines are to their vertebrate equivalent.
Cdc42 mutants affect dendritic caliber consistency, branching pattern, and dendritic spine density Having characterized wild-type VS1 dendritic branching patterns and dendritic spines, we compared them with those in single-cell MARCM clones in which the labeled VS1 cells are homozygous for loss-of-function mutants of Cdc42. Most experiments reported here made use of the Cdc42 4 allele, which contains a mutation in a consensus splice acceptor that leads to strong loss-offunction (Fehon et al., 1997) . The phenotypes seen in Cdc42 4 clones were also found in clones homozygous for another strong loss-of-function allele, Cdc42 3 (Fehon et al., 1997) , but not for the control FRT chromosome (data not shown).
VS1 neurons homozygous for Cdc42 4 show a variety of defects compared with wild type (Figs. 2 A, B,D, 3A, B) . Whereas the dendrites of wild-type VS cells taper smoothly from thick near the base to thin at distal tips (Fig. 1 B) , the caliber of Cdc42 4 VS cells is occasionally inconsistent (Table 1) . Some dendrites are thinner near their major branches than in more distal positions (Fig. 2 A,  arrows) . Also, the branching pattern of the dendrites is often abnormal. In wild-type VS1 cells, major branches off of the main dendritic shaft send their smaller dendrites only to the region near the original branch. A dendritic tip in the ventral part of the field, for instance, would be derived from a major branch off of the ventral part of the main shaft (Fig. 1 B) . In Cdc42 mutant cells, dendritic tips may be derived from major branches in distant parts of the field (Fig. 2 A, arrowheads) . One branch in particular, the most medial branch in the dendritic tree, is often shifted in Cdc42 4 cells (Table 1) . In wild-type VS1 neurons, the initial branches extend almost directly dorsally, departing from the main branch near where it begins to turn ventrally (Scott et al., 2002) (Fig. 1 B) . The medial shift observed in Cdc42 mutant cells (Fig. 1C,D results in a more pronounced split between the dorsal and ventral halves of the dendritic field (Fig. 2 B, arrow) . Quantitatively, whereas the dendritic branching complexity of wild-type and Cdc42 4 VS1 neurons is similar, Cdc42 4 VS1 neurons had a significantly greater overall dendritic length (Table 1) .
Perhaps the most remarkable defect in Cdc42 mutant neurons is the reduction of the numbers of well developed dendritic spines (compare Fig. 2 A, B with Fig. 1 B) . At high magnification (compare Fig. 2 D with Fig. 1C,D) , we did observe spines that are similar to wild type, but these spines are not as evenly spaced and the density is much reduced. Using a uniform definition of regarding protrusions between 1 and 3 m as spines (see Materials and Methods), we recorded a 50% reduction in Cdc42 mutant VS1 cells compared with wild-type control (Table 1) .
Axon defects in Cdc42 mutants
Wild-type VS1 axons project medially, with stereotyped branching pattern and terminal fields (Figs. 1 A, 3A) . This pattern is disrupted in Cdc42 4 VS1 cells, some of which exhibit misguided axons that turn laterally, away from their wild-type target field (Fig. 3B, arrowhead) . Additionally, the axons of Cdc42 4 neurons form more branches in this terminal field than do their wild-type counterparts (Table 1) and often exhibit enlarged terminals rarely observed in wild type (Fig. 3B, arrows) .
Attempts to assess cell autonomy of Cdc42 action
In the MARCM strategy, all labeled clones are homozygous mutant; however, some homozygous mutant cells may not be labeled because they do not express the GAL4 line used to visualize the clone. Because the expression of the GAL4 -3A driver is primarily restricted to the lobula plate giant neurons, it remains possible that some phenotypes we observe in Cdc42 4 MARCM clones are attributable to disruption of Cdc42 function in as yet uncharacterized neurons presynaptic or postsynaptic to VS1, or glia. To determine the degree to which the phenotype is cell autonomous, we expressed UAS-Cdc42 transgenes in Cdc42 4 MARCM clones, such that wild-type Cdc42 is resupplied only to the labeled neurons. An important caveat to this experiment is that the transgene is not immediately expressed after generation of the clone. The GAL80 repressor protein must be sufficiently diluted, which can take a long time in single-cell clones, to allow GAL4-induced gene expression. For instance, we could not observe reliable marker expression in VS1 until very late pupa, well after the initial dendritic morphogenesis has already taken place (data not shown). Indeed, many of the quantitative defects in Cdc42 4 cells are not affected by the UAS-Cdc42 transgene (Table 1) . Nevertheless, certain qualitative defects, such as dendritic caliber or branching pattern, appear to be rescued by the expression of the wild-type Cdc42 transgene (Fig. 2C, Table 1 ), indicating that Cdc42 function in at least these aspects of dendritic morphogenesis is cell autonomous. The failure to rescue dendritic length or spine density defects could be caused, strictly speaking, by the nonautonomous effect of Cdc42. More likely, it is a result of inadequate expression at a time when Cdc42 is required, implying that controlling dendritic length (likely a consequence of dendritic branch misguidance) and spine formation may require a higher amount of Cdc42 than controlling initial branch formation and caliber consistency.
Discussion
Previous studies using dominant-negative and constitutively active Cdc42 mutants have implicated Cdc42 in a variety of functions relating to dendritic growth, branching, and branch stability (Luo et al., 1994; Threadgill et al., 1997; Gao et al., 1999; Ruchhoeft et al., 1999; Li et al., 2000) . However, the effects of dominant Cdc42 and Rac are generally not distinguishable (Threadgill et al., 1997; Gao et al., 1999; Li et al., 2000) . Because Rac GTPases are required for dendritic growth and branching from loss-of-function studies , it is possible that some of the dominant Cdc42 phenotypes are caused by crossinhibition or activation of Rac GTPases. In this study, we provide definitive evidence that Cdc42 is required for dendritic and axonal morphogenesis using loss-of-function mutants. What new aspects of Cdc42 function have we learned from these loss-offunction phenotypic analyses?
Compared with mutants defective in Rac GTPases , Cdc42 mutants have much less profound effects. In fact, we could not observe any significant dendritic and axonal Cdc42 mutant phenotypes in single-cell clones of MB neurons (data not shown) in which mutants of Rac GTPases exhibit drastic effects . This is not because Cdc42 is not expressed in mushroom bodies; in fact, in MB neuroblast clones homozygous for Cdc42 mutations, we did observe a 100% penetrant defect in neuroblast proliferation (our unpublished observation). Because the dendrites of MB neurons are simple and highly variable, we made use of VS1 neurons in which the dendritic tree is much more complex and stereotyped. Even in VS1 neurons, the gross organization of dendritic tree is quite normal in Cdc42 mutants; the total dendritic tree length is even increased compared with control, contrary to the general notion that Cdc42 promotes neuronal process growth. However, this effect could be the product of misguided dendritic branches (see below) that may not innervate the dendritic field as efficiently as their wild-type counterparts.
Despite having grossly normal dendritic trees, Cdc42 mutant VS1 cells do display a number of important defects in dendritic morphogenesis. First, dendritic caliber consistency is disrupted. A universal property of dendritic trees is that they taper smoothly from thick near the base to thin at distal tips. To our knowledge, this is the first mutant that has been described to disrupt this property, suggesting that Cdc42 activity is necessary for regulating dendritic caliber diameter, an aspect that may be important for integration of synaptic potential within the dendrites (Jan and Jan, 2001 ). Second, although the gross dendritic branching complexity is not affected, the stereotyped branching pattern is disrupted (Table 1). This defect may reflect abnormal responses of the dendrites to branching signals at key locations during development, consistent with the idea that Cdc42 transduces extracellular signals to regulate dendritic branching rather than being required for the cell biology of branching per se.
Third, Cdc42 mutation has a drastic effect on dendritic spine development: it reduces dendritic spine number to approximately one-half of that of wild type. It remains possible that the reduction in number is in fact reduction in size, such that the smaller-sized "spines" are no longer quantified as spines by our criterion. Given the small size of even the wild-type dendritic spines approaching the resolution limit of light microscopy, it is currently difficult to distinguish these possibilities. Whatever the mechanism is, our observation underscores the importance of endogenous Cdc42 in spine development. Previous studies in mammalian neurons using dominant mutant expression have implicated the function of Rac and Rho in spine development (Luo et al., 1996; Nakayama et al., 2000; Tashiro et al., 2000) (for review, see Bonhoeffer and Yuste, 2002) ; our study now provides evidence for the involvement of Cdc42 in spine morphogenesis. Given the actin-rich nature of dendritic spines and requirement of actin polymerization in spine morphogenesis and motility (Fischer et al., 1998; Dunaevsky et al., 1999; Zhang and Benson, 2001) , it is perhaps not surprising that a major regulator of actin polyermization such as Cdc42 should play an important role.
In summary, our data demonstrate a genetic requirement for Cdc42 in certain aspects of VS1 dendrite development, including regulating dendritic branching, guidance, caliber consistency, and dendritic spine density. Given the function of Cdc42 in regulating actin polymerization (Etienne-Manneville and Hall, 2002) , these phenotypes may be a consequence of abnormal communication between extracellular factors and actin-rich structures such as filopodia, growth cones, and spines, leading to errors in branching, growth, or guidance of developing dendrites. Our study also demonstrates the utility of the vertical system (and VS1 specifically) as a model system for dendritic studies. One drawback of the current system for assessing cell autonomy is the potential for incomplete rescue resulting from GAL4/UASmediated transgene expression. In future studies, stronger and earlier-expressing GAL4 lines in these neurons may overcome this problem. Nonetheless, the dendrites of these cells are highly complex and stereotyped and provide the advantage of having spines structurally similar to those in vertebrates. Access to these model cells in Drosophila allows for the study of complex dendrites in a highly tractable genetic system. We believe that this will prove particularly useful in characterizing phenotypes for candidate genes and thereby defining their roles in dendritic morphogenesis.
